The average mobility of electromorphs at an enzyme locus in a single population was defined as the weighted average mobility of the eleetromorphs in that population
a single band ("allozyme"), if inherited in Mendelian fashion, represents a single allelic form of the protein. It follows that two individuals or two populations which have a common electrophoretic band share a common allele. In some cases, the homology is thought to cross species lines. There has always been a realization that this assumption might not be "quite" true, but the fiction is so taxonomically convenient that the common practice is to operate on the presumption that "if it migrates the same it is genetically the same."
A number of recent studies have challenged the wisdom of this assumption. Johnson (1975a) has pointed out that most amino acid substitutions should lead to no detectable charge or conformational changes under standard electrophoretic conditions. Based on simple models of charge changes, King (1973) has estimated that only 30% of amino acid changes will be electrophoretically detectable and that only 0.6% will involve a double charge change. The demonstration by Singh et al. (1974 Singh et al. ( , 1975 ) that considerable molecular variability exists within single electrophoretic classes suggests that electrophoresis may indeed uncover only the tip of the variation "iceberg." At the very least, it is time to operationally lay aside the oversimplification of assuming a one-to-one correspondence between electromorph and single allele, unless direct evidence to this effect is available. "Electromorphs" are electrophoretically detectable molecular phenotypes, and contrasts among them are phenotypic contrasts only. The heritability of electromorphs is less than unity, but otherwise is unknown, even though Mendelian segregation of different classes may be observed. King and Ohta (1975) viewed electrophoretically detectable genetic differences as simply ambiguous phenotypic features of the various hidden genotypes. In sympathy to this point of view, we use their term "electromorph" in preference to the term "allozyme."
From a taxonomic viewpoint, the ideal analysis should be based on functionally relevant characteristics. Although some deeper probes into biochemical properties of electrophoretic variants have been made (e.g., Ainsley and Kitto, 1975; Miller et al., 1975; Day et al., 1974; Scandalios et al., 1972) , the techniques available do not yet permit this sort of large-scale screening so necessary for taxonomic work. Although new screening procedures are being developed, it appears that for some time yet most of the population data will continue to be derived by electrophoresis.
There are two recent developments which suggest to us, however, that electrophoretic mobility may contain untapped genetic information. First, Bulmer (1971) drew attention to multiple-allele loci, where electrophoretic classes with intermediate mobility tend to be more frequent than those with either lesser or greater mobility. This unimodal distribution suggests that the essential features of the electromorph frequency array may be conveyed by its average position and its dispersion along the scale of electrophoretic mobility. Second, King (1973) and Nei and Chakraborty (1973) have pointed out that electrophoretic mobility should be evolutionarily conservative, because of the aforementioned tendency for amino acid substitutions to go undetected under standard electrophoretic assay conditions. The observed unimodality of the frequency distribution is thus hypothesized to be due to internal heterogeneity of the electromorph bands, particularly for the modal bands. This pair of observations suggests that one should expect a monotonic increase in average electrophoretic separation with phyletic distance and that populations may diverge by simply shifting the whole mobility distribution along the mobility scale. By using the "average mobility" of a population as a measure of position, and scaling relative to the dispersion within the population, we should be able to gauge the degree of difference between populations, even where the difference involves nonoverlapping sets of electromorphs.
Closer examination of the spacing of electromorphs may also be informative. Most of the current theory of electrophoretic evolution assumes a ladder model, i.e., that single amino acid substitutions lead to unitary changes in electrophoretic mobility. Johnson (1974) has pointed out that regular increments are perhaps too much to hope for under a range of assay conditions, and has further shown (Johnson, 1975a) how conformational changes may mimic some of the patterns expected under the ladder model. Since electrophoretic mobility is a function of charge, conformation, molecular weight, and polymeric complexity, there is no guarantee that any regular pattern will emerge. If one were to restrict attention to a narrow taxonomic assemblage, however, it should be possible to avoid the more profound molecular alterations characterizing larger taxonomic groups (e.g., large changes in molecular weight and/or polymeric complexity).
The purpose of this article is to explore the patterns of electrophoretic variation among populations of the Drosophila mulleri complex. This complex has been subjected to intensive taxonomic analysis (Sturtevant, 1942; Patterson and Mainland, 1944; Wasserman, 1962) , and probable phylogenies have been determined on cytological, morphological, and reproductive criteria. We are able to define several "phyletic clusters" among the species of the complex, and we thus have a range of taxonomic separation available for study. We have reported certain other aspects of this study elsewhere (Richardson et al., 1975) , but here we are particularly interested in addressing two questions: (1) Is the average electrophoretic mobility of a population a reliable measure of taxonomic affinity? (2) Are the increments between electromorphs regularly spaced, and, if not, how does this affect the taxonomic analysis ? As a subsidiary issue, we shall attempt to indicate means by which the electrophoretic patterns may relate to the interpretation of genetic variation patterns and modes of molecular evolution.
MATERIALS AND METHODS

Biological Materials
The data are from 59 populations, drawn from 11 species of the Drosophila mulleri complex. We are ignoring the South American members of the group, for which our samples are limited. We are likewise ignoring D. wheeleri, D. spenceri, and an unnamed D. mojavensis-like species from North America. The 11 remaining species may be conveniently grouped into four "phyletic clusters" for analysis (Fig. 1) , based on karyotypic and morphological information (Wasserman, 1962; Richardson, unpublished) . Individuals in different clusters are readily distinguished, but individuals from different species of the same cluster (particularly females) are easily confused on morphological criteria. Drosophila hexastigrna is easily identified by a characteristic pigmentation pattern, but even this exceptional case may be due to a single recessive mutant (W. P. Spencer, reported by Stone, 1955 
Fig. 1. Phylogenetic relationships among 11 species determined by potytene chromosome analyses (Wasserman, 1962) . Note that Drosophila longicornis was changed from Wasserman's figure after he detected an error in the earlier phylogeny (personal communication ) are represented by mass cultures, each initiated with 10-30 wild inseminated females.
The sequence of splits shown in Fig. I was postulated on the basis of polytene banding patterns. The putative ancestral types (A-F) differ by one or more inversions. Morphological affinities are considered to outweigh the karyotypic evidence for D. hexastigma (placed in the longicornis cluster). Relations within and between the tira and longicornis clusters are still somewhat tenuous, and they are both karyotypically and morphologically much closer than is either to the more distinct mojavensis or mulleri clusters.
Although Wasserman (1962) monophyletically differentiates these clusters on inversions, morphologically and ecologically one might consider the combination of ancestral types (A-E) to be a single polytypic species. The species clusters thereby represent polyphyletic derivatives from this ancestral species which was chromosomally polymorphic.
Electrophoretic Assay
We have followed standard horizontal starch gel electrophoretic assay procedures for all systems (Johnson et al., 1966 Kojima et al., 1970) . The loci reported here are malate dehydrogenase (Mdh), octanol dehydrogenase (Odh), alcohol dehydrogenase (Adh), glutamic-oxaloacetic transaminase (Got), aldehyde oxidase (Ao), phosphoglucomutase (Pgm), and esterase C (Est), all of which exhibit three or more electromorphs within the complex.
We have also examined the electrophoretic patterns for acid phosphatase, alkaline phosphatase, leucineaminopeptidase, maleic enzyme, ~-glycerophosphate dehydrogenase, esterase D, esterase E, hexokinase, fumarase, glucose-6-phosphate dehydrogenase, 6-phosphoglucose dehydrogenase, phosphoglucose isomerase, aldolase, xanthine dehydrogenase, and isocitrate dehydrogenase. We excluded loci for which we have incomplete data for any species. This situation occurs when staining assay for a species fails. Also, monomorphic and dimorphic loci were excluded.
We have standardized the mobility "name" of each electromorph by dividing its migration on the gel by that of a reference morph run in multiple replicates on the same gel. Differences between morphs with very similar mobilities were confirmed in "side-by-side" comparisons on a single gel. Although the mobility ratio of a morph to the reference varied over a range of about 0.03-0.20 among gels with different lots of starch, the relative spacing between morphs on the same gel was insensitive. Each relative mobility name was determined from an average of more than 100 measurements distributed among 20 or more gels involving several lots of starch. No standard error for a name exceeded 10-1. All standard errors for relative spacing between adjacent morphs were less than 10-3. For routine scoring of D morphs, they were categorized with less than 1% of them being ambiguous. These were omitted, so that probably there were no misidentifications into adjacent mobility classes. Some of the ambiguities may have represented rare morphs which were not isolated in culture and named, although most ambiguities clearly reflect technical problems, such as smudges or streaks.
We should mention at this point that, while the mathematical procedures which follow may be used with any definition of mobility, careful attention to the measure itself may be fairly important. For systems where multiple bands appear in a "homozygote," only one "primary" band was used for each type of "homozygote," and only the corresponding two bands were used for the heterozygotes. (Because of incomplete detection of alleles, "homozygotes" may be heterozygous for two alleles producing different proteins, but one electromorph.) Wherever possible, the reference morph was obtained from standard laboratory stock. Johnson (1975b) suggested that use of "off-theshelf" proteins is preferable for the same purpose. In addition, he brackets the relative mobilities on a gel by simultaneously using two proteins with very different molecular weights. This is a superior procedure, but we found it unnecessary for our surveys.
Quantitative Analysis
Consider a genetic locus with K electromorphs (G1,..., GK). We do not know whether an electromorph represents a single allele in any particular case, although one suspects internal heterogeneity in general. We are, however, primarily interested here in mobility as a phenotype--a "property" or "characterization" of the class of alleles coding for proteins within an electromorph. Therefore, for our purposes, that which migrates the same is the same. The average mobility of the ith population is estimated to be
where the Ps are the observed frequencies of the various electromorphs and the as are the relative mobility values described in the previous section.
The variation among populations is determined by computing
i=l where/7 is the overall average mobility for the (I = 59) populations and 6z is the average within population variance in mobility. It is easily shown that A2(T) can be subdivided to yield
where AZ(P) is the variation among populations (within species), A2(S) is the variation among species (within clusters), and A2(C) is the variation among phyletic clusters of species. We may also compute the difference between two populations (i and i') as a distance measure
and a corresponding measure for the difference of a pair of species. The derivations of these various measures and the relationships among them are developed in the Appendix. We have shifted from a multinomial distribution with K classes into an approximation of a standardized univariate normal distribution. This translation contains almost as much information as the original distribution, minimizes sample vagaries of rare alleles, more accurately reflects the actual genotypic to phenotypic relationship when considering electromorphs (especially for several species), and opens up a considerable body of variation analysis patterned after traditional analysis of variation techniques. The variation measures described above are all defined for a single locus but may all be extended to multiple loci in straightforward fashion. This should allow us to describe the mobility differences among populations for a battery of loci. As a general proposition, we should allow for linkage disequilibria among loci (within populations), but if loci segregate independently the variation analysis simplifies to the sum of separate analyses for the various loci. The work of Langley et al. (1974) , Mukai et al. (1971) , Kojima et al. (t970) , and Charlesworth and Charlesworth (1973) suggests that observed linkage disequilibria are generally small, except for closely linked loci or loci closely associated with inversion polymorphisms. The linkage relations of the loci reported here have not been worked out as yet, but we have evidence for no strong linkage disequilibria (Makela, 1975; Makela and Richardson, unpublished) . We ignore this potential complication. In addition, the inversions distinguishing different species are essentially monomorphic within species, so that no serious complications are likely to arise from this source. We have therefore added distance and variation measures across loci; the results should serve as a very good approximation to reality.
RESULTS AND CONCLUSIONS
Variation Analysis
The partitioned A 2 analysis is presented in Table I , where each entry is standardized as a decimal fraction of the total variation for the locus (column) in question. The total variation for each locus is presented at the bottom of the table, both in absolute terms and as a fraction of the variation for all seven loci. Several points are evident from the table: (1) The several loci vary considerably in their total dispersion, ranging from 54.23 for Oath to 4361.86 for (5) In addition, certain loci show large amounts of variation among populations (within species), but as this is the subject of a later report we shall not discuss it further here. For the total of seven loci reported, 79.4~ of the variation is among clusters, 17.3% is among species (within clusters), and 3.3 % is among populations (within species). The overall conclusion to be drawn from Table I is that mobility per se is a useful taxonomic metric. Furthermore, since our clusters are based on morphological similarity, they correspond to the sibling species pairs studied by Hubby and Throckmorton (1968) , and Ayala et al. (1974) . Our results support their conclusion that sibling species are nevertheless much more distinct than are populations within a species, but less different than nonsibling species. The utility of mobility as a taxonomic measure is apparent.
The clear-cut results of Table I were obtained by establishing a set of phyletic clusters on independent criteria. It remains to be shown whether these same clusters would be derived from the mobility measures alone. Table II presents a complete listing of pairwise distances between species, in terms of both D z and 62 (see Appendix). Using the matrix of unweighted pairwise distance measures (~2), we may construct a taxonomic network to represent the relationships among the species. A number of procedures are available for this purpose; the one most in keeping with our treatment of mobility is the hierarchical splitting procedure of Edwards and CavalliSforza (1965) , where the variation between groups is maximized at each split and the within-groups variation is minimized. Given this splitting sequence, we can construct a "minimum string" network (Thompson, 1973) . The resulting network is shown in Fig. 2 , and yMds precisely the same four clusters shown in Fig. 1 . Clearly then, the utility of the mobility measures does not depend on knowing the clusters beforehand.
Before passing on to other matters, a comment is in order relative to mobility as a taxonomic metric. For a locus with K electromorphs, there are (K-1) pieces of information, and these are all intercorrelated, because of multinomial sampling. The values of K encountered in this study range from 4 for Mdh to 13 for Est. For each locus, we have extracted a single piece of information (average mobility) and have ignored the rest. We mentioned earlier that we have ignored the dimorphic loci for the analyses reported here. A dimorphic locus yields only one piece of information (identical with average mobility), and there is nothing to be gained by using mobility for such a locus. Since our objective is to evaluate the utility of this dimensional reduction, we have excluded dimorphic loci from consideration. In principle, however, there is nothing to prevent one from computing the mobility measures for such loci; for usual taxonomic purposes, one would generally do so. Average mobility works as well as it does for two reasons:
(1) The measure is a linear combination of the mobilities of individual electromorphs, and the scale used is a natural one, rather than being contrived from the analysis itself, as is usual in discriminant analysis. Populations do appear to shift mobility distributions up and down the electrophoretic scale, as will be shown in the next section. (2) The measure is relatively insensitive to sampling variation, since the central classes predominate. The high-and lowmobility electromorphs are generally rare and are likely to be missed in small samples. Since the estimated weights for the mobility values of particular morphs are their estimated frequencies, and the extremal classes are almost inevitably rare, their presence or absence in the sample makes very little difference in the values of/~i and c7 z.
Incremental Mobility Shifts
The frequency histograms for the electromorphs of Ao are shown in Fig. 3 . It is noteworthy that the increments between adjacent electromorphs are equal. When variation occurs within a species, only adjacent morphs are encountered, much as expected from standard ladder models with unit (King, 1973; Nei and Chakraborty, 1973) . In addition, species within a cluster share the same electromorphs or exhibit adjacent morphs in the sequence. The same sort of ladder pattern is exhibited by Mdh (Fig. 3) , and while conformational alterations cannot be ruled out (Johnson, 1975a) we resist invoking them for the present. A slightly different pattern is evident for the Est locus (Fig. 3) , which shows two separate ladders, one of five rungs and one of eight rungs. Within each ladder, species have mobility distributions which cascade along the phylogeny. The large separation between the two ladders is accompanied by a change in step size, and these two observations suggest a major structural alteration accompanying the discontinuity. The loci shown in Fig. 3 are the sort which should yield reasonable taxonomic results when average mobility is used as a metric. The mobility shifts of the other four systems deviate in one respect or another from the ladder model. The Got locus tends to be essentially monomorphic within a cluster, although the electromorph for the tira cluster is out of register (Fig. 4) . Electromorphs are not equally spaced for Pgm, but the spacing is quite consistent within a cluster (Fig. 4) . In addition, different clusters have different morphs; the mobility distribution seems to cascade along the phylogeny. A similar pattern is observed for Odh, but overall separation is less apparent, and more "out-of-register" morphs are encountered (Fig. 4) . The situation is least clear for Adh (Fig. 4) , where each cluster is characterized by a unique set of electromorphs, and no regularity of spacing is evident. In spite of the fact that none of these last four loci meets the ladder ideal, they are all useful for taxonomic analysis, primarily because clusters are more easily distinguished than species (within clusters) or populations (within species). Individual loci introduce irregularities, but when the loci are used in combination, the overall pattern is robust to these minor perturbations. Day et al. (1974) and Ainsley and Kitto (1975) have shown that different electrophoretic forms of ADH (in D. melanogaster) are characterized by different kinetic parameters. The electrophoretic differences encountered in the present study are somewhat larger than those encountered within D. melanogaster, and the irregularities of spacing suggest that more is involved than simple charge changes. It should prove useful to examine the kinetic properties of this more disparate set of electromorphs. In a more general vein, our results show that there is more variation (and a larger number of electromorphs) among species and clusters than within a single species. When studying kinetic differences among electromorphs, it might be better to cast a wider taxonomic net.
DISCUSSION
The large shift in the EST electromorphs is also worth a closer look. It is noteworthy that EST is located in the gut , and may well be a digestive enzyme. The electrophoretic shift coincides with an abrupt change in larval substrates. Fellows and Heed (1972) have shown that the species of the mojavensis cluster utilize giant cacti: organ pipe (Lamaireoccreus), agria (Machaerocereus), and cina (Rathbunia), and we have reared D. arizoncnsis from garambullo (Myrtillocactus). Species from other clusters are routinely reared from prickly pear (Opuntia). The coincidence is intriguing, to say the least. Some effort to determine the substrate affinities of these electromorphs would seem to be in order.
It is still not clear what we may infer from a long series of equally spaced electromorphs, such as evidenced by Ao or Est. The regularity of the phenomenon and the unimodality of the within-species frequency distributions are so easily accounted for on the theoretical basis of neutral mutation (King, 1973; Nei and Chakraborty, 1973 ) that Bulmer's (1971) suggestion of a selective explanation has not been well received. Johnson (1975a) has suggested, however, that much of the electrophoretically expressed variation reflects conformational alterations of the enzyme. Whether one can infer adaptive differences associated with these changes remains to be seen. It is worth noting here that Scandalios et al. (1972) found a monotonic relationship between the electrophoretic mobility of maize catalase electromorphs and the heat stability and specific activity of those same electromorphs. While it is not possible to generalize from this single example, we submit that a good deal more work along these lines is in order.
We should also mention the fact that AO consists of two separate polypeptides (Mahler and Cordes, 1966, p. 653) , which are under the control of separate loci. One of these gene products is electrophoretically invariant, and is shared by other enzymes (e.g., XDH, XO) (Collins et al., 1971) . The invariance of this shared polypeptide suggests that it may be under severe molecular constraints, imposed by the necessities of properly combining with diverse other molecular species. In turn, however, it is possible that the invariant polypeptide imposes constraints on these variable polypeptides. (Only AO is of concern here.) Whether this would lead to regular increments between adjacent electromorphs is not clear, but perhaps the laddering effect really does represent single charge changes between adjacent electromorphs.
Clearly, loci differ in their modes of evolution. Since molecular constraints vary among enzymes (Clarke, 1970) , these molecular aspects must be considered if one is to understand the adaptive significance of electrophoretic variation. It is difficult to generalize electrophoretic studies, except by their biochemical properties, because the loci examined constitute a sample from an unknown reference population of genes. As in any study of enzyme electrophoretic variation, our sample derives only from stable soluble enzymes. Furthermore, enzymes are derived from mRNA which is transcribed from only 1-2~ of the DNA in Drosophila (based on Lengyel and Penman, 1975) . While evidence of the adaptive importance of electrophoretically detectable variation first appeared a decade ago (Kojima and Yarbrough, 1967; Richardson and Johnson, 1967) , extrapolating these results to all electrophoretic variation has followed a tortuous path. Molecular diversity alone reveals little about molecular function, and a better measure is needed to relate population variation to adaptation. We submit that mobility patterns of electromorphic variation among populations provide at least some intriguing clues regarding the potential adaptive significance of this molecular variation. The variation in mobility within the ith population can be obtained as follows. The mobilities of two electromorphs, drawn at random from the population, are correlated to some extent, because of multinomial distribution of the morphs. The frequency variation within the sample is defined by a (Kx K) covariance matrix
The mobility variation within the ith population is given by
In practice, /h and a~ must be estimated from sample data. If PRi is estimated by Pki = (Xki+Ni), the observed frequency (Xki is the number of individual morphs of the kth type recovered from a sample of size N~), then we simply estimate/~i and a T by computing = A'P_, = a, 1i+ . . .
k=l
The taxonomic analysis consists of partitioning the total variation among populations into various components. This total variation is estimated by 
~2
We use #2 to avoid sampling difficulties with the ai. By ignoring, the differences of within-population variance, we obtain a stable and well-estimated standard of reference (c72). All population differences are scaled relative to this average within-population variance. The total variation among populations A2(T) can be simply related to a Z 2 test with (I-1) degrees of freedom. Although we shall not be involved with statistical testing, the analogy is useful, and we shall follow it.
The total variation A2(T) may be partitioned as follows" where fis and/~c are the unweighted mobility averages for a species and cluster, respectively, and are defined as is ~ in (A4). The variance measures A2(p), A2(S), and A2(C) represent the dispersions among populations (within species), among species (within clusters), and among clusters, respectively. (They have 48, 7, and 3 degrees of freedom, respectively, for our data set, given the number of species in the various clusters.) One other situation is of some interest. The difference in average mobility between a pair of populations is measured by the distance metric 
We may view A2(j) as the sum of squared distances of the J populations from their centroid. The partition of (A7) is then obtained by subtraction.
This device is especially useful in computing pairwise species differences. Given two species ($1 and $2), with J1 and J2 sampled populations, respectively, the squared distance between them is seen to be The net result of these linear transformations is to convert a K-class multinomial to a univariate (essentially) normal distribution. The distance measures used are standard least-squares procedures.
